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Photo-enhanced magnetization in Fe-doped ZnO nanowires
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An emerging branch of electronics, the optospintronics, would be highly boosted if the control of
magnetic order by light is implemented in magnetic semiconductors nanostructures being compatible
with the actual technology. Here we show that the ferromagnetic magnetization of low Fe-doped
ZnO nanowires prepared by carbothermal process is enhanced under illumination up to temperatures
slightly below room temperature. This enhancement is related to the existence of an oxygen vacancy
VO in the neighbouring of an antiferromagnetic superexchange Fe
3+-Fe3+ pair. Under illumination
the VO is ionized to V
+
O
giving an electron to a close Fe3+ ion from the antiferromagnetic pair. This
light excited electron transition allows the transition of Fe3+ to Fe2+ forming stable ferromagnetic
double exchange pairs, increasing the total magnetization. The results here presented indicate an
efficient way to influence the magnetic properties of ZnO based nanostructures by light illumination
at high temperatures.
Magnetic materials with addressable electrical and/or
optical properties may add flexibility and larger stor-
age density to spintronics devices. The photo-induced
magnetization (PIM) of materials is of interest, because
it would lead to the development of optospintronic de-
vices. The PIM phenomenon has been found below a
temperature of T ≃ 19K in cobalt-iron cyanide-based
Prussian blue analog1, T ≃ 35K for magnetic semi-
conductor heterostructures2 and T ≃ 80K for core-shell
nanostructures3. Recently, PIM after irradiation of po-
larized light in oxygen-deficient SrTiO3 and at T < 10K
has been reported4, revealing the importance of certain
defects for a possible manipulation of magnetization by
light. The photo induced magnetization has also been
observed at room temperature, RT, in non-epitaxial film
with a Nano-crystallite size of 17nm5. The results in
Ref. [5] suggested that a a stronger spin-orbit interac-
tion given by small crystallite size samples is essential to
generate the PIM in manganese zinc ferrite films5. How-
ever, it hinders the possible applications in spintronic
since small spin-orbit interaction is ideally required for
a larger spin coherence length. In particular, this is the
case of ZnO based DMS materials, which are ideal can-
didates not only due to the large spin coherence length6,
but also because of the observed variation in the opto-
electronic properties at low magnetic fields, i.e. 0.4 T.7.
In fact, studies have already been performed in colloidal
nanocrystals of Mn2+ doped ZnO showing a PIM prop-
erty but only below T ∼ 2 K as shown by magnetiza-
tion measurements.8 It is, therefore, of interest to further
study PIM in magnetic semiconductors like ZnO and try
to get this phenomenon at higher temperatures. In the
present work, we report on the magnetic properties of
low Fe-doped ZnO nanowires (NWs) under the influence
of light irradiation. Fe doping and the ionization of oxy-
gen vacancies are found to be the key to observe PIM in
nanowires up to T ∼ 270 K. The PIM effect is observed
only for Fe-doped ZnO deficient in oxygen.
The Fe-doped ZnO (ZF) nanowires were prepared by
a carbothermal process explained elsewhere9,10. A mix-
ture of ZnO/Fe3O4/Carbon in the weight proportion of
30%/20%/50% was pressed applying 4 kPa to form a pel-
let of 2 mm diameter. The pellet was kept in a furnace
at 1150C for one hour and then cooled down to room
temperature. A white foam-like powder formed by NWs
was obtained on the wall at a distance of 15 cm from the
center of tubular furnace.
The magnetic moment of a bundle of NWs was mea-
sured using a superconducting quantum interference de-
vice magnetometer (SQUID) from Quantum Design. The
measurements of magnetization under illumination were
performed with a Xe-lamp coupled to the SQUID. The
light was guided by an optical fiber to the sample. The
wavelength was selected by using the corresponding fil-
ters. The light intensity was kept low in order not to
increase the sample temperature at the lowest measured
temperatures.
Photoluminescence (PL) of the NWs at room tem-
perature was excited by the 325 nm line of a He-Cd
KIMMON IK3301R-G laser operating in continuous-
wave mode, spectrally dispersed by a 320 mm HORIBA
JOBIN YVON iHR320 monochromator and detected by
a Peltier-cooled CCD camera. X-ray diffraction measure-
ments were performed using Philips Xpert diffractometer
and Raman spectroscopy at room temperature was per-
formed with a micro-Raman Jobin Yvon U1000 double
spectrometer with excitation light of 532 nm and with
a liquid nitrogen cooled CCD detector. EPR measure-
ments were carried out with a BRUKER EMX Micro
X-band spectrometer at 9.41GHz. The Q-band cw EPR
spectra were recorded with a BRUKER EMX 10-40 spec-
trometer operating at 34GHz. EPR spectra were simu-
lated using the Easy Spin Matlab toolbox11.
Scanning electron microscopy (SEM) measurements re-
vealed that the synthesized wires have a diameter of
≤130 nm and several micrometers length. The XRD pat-
tern of a bundle of ZF NWs along with that of undoped
ZnO. The XRD results indicate the existence of diffrac-
2tion peaks of hexagonal ZnO as a single phase with no
presence of secondary phases or Fe clusters, within ex-
perimental resolution. Particle induced x-ray emission
(PIXE) measurements were carried out to quantify the
amount of Fe in the NWs. We found a Fe concentra-
tion of 0.2± 0.05 at.%. This Fe concentration is slightly
smaller that the previously reported Fe-solubility limit in
ZnO9.
Raman spectroscopy allows the observation of small
amount of impurities, extra phases or dopant in ZnO12,13.
In agreement with the XRD results, signatures of sec-
ondary phases have not been found in the Raman spec-
trum of the studied NWs, see Fig. 1, which shows the
typical modes observed for ZnO12. Note that the longi-
tudinal vibrational mode A1(LO) at 586 cm
−1 is related
to oxygen vacancies VO. An additional feature, observed
at 644 cm−1, has been previously related to the incorpo-
ration of Fe3+ ions at Zn sites12.
The existence of VO was corroborated by PL measure-
ments. Figure 1(b) shows the PL spectrum of the as
grown Fe-doped ZnO NWs, which presents two different
bands, i.e. a band edge emission and a defect level emis-
sion. The band edge emission at an energy ≃ 3.2 eV
(wavelength λ ≃ 388 nm) is attributed to the recombi-
nation of free excitons and their phonon replica14. The
broad band at 2...2.75 eV (600...450 nm) represents the
defect level emission or green luminescence, which is com-
monly related to different type of lattice defects in the
ZnO lattice9. After an annealing at 400C for the oxy-
genation of the NWs, the observed green luminescence
intensity is drastically reduced, see Fig. 1(b). It sug-
gests that it is mostly produced by VO’s. These vacan-
cies are removed by the oxygen incorporation during the
annealing treatment. It is important to mention that
most of the VO’s in ZnO NWs are defects localized at
the near surface region. The concentration of VO’s de-
creases strongly to the interior of NWs15, this facilitates
its removal with low-temperature annealing treatments
in oxygen atmosphere.
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FIG. 1. a) Raman spectroscopy of a bundle of ZF nanowires.
(b) Photoluminescence of ZF NWs as prepared (in black) and
after an annealing treatment at 400C in oxygen atmosphere
(in red). The inset shows the photoluminescence of undoped
ZnO NWs before (in red) and after Ar annealing at 400C (in
blue), to produce oxygen vacancies, in comparison to ZF NWs
(in black)
.
The change of the magnetic moment of the samples
with light has been measured in Fe-doped and undoped
ZnO NWs, before and after annealing in O2 atmosphere.
Figure 2(a,b) shows the field hysteresis of the as prepared
ZF NWs, in dark and in light; all samples of 6 mg mass.
The data here presented are after subtraction of a lin-
ear in field background. This background is due to the
intrinsic diamagnetic contribution of ZnO and the sam-
ple holder where the samples were placed and a small
paramagnetic (PM) contribution. Assuming a Curie-law
temperature dependence for the PM contribution and a
temperature independent diamagnetic one, we estimate
a PM contribution of the order of ∼ 8 % of the total Fe
concentration in the ZF NWs, assuming 1 µB per Fe ion.
In dark conditions all the studied ZF NWs exhibit fer-
romagnetic ordering with a magnetic moment at satu-
ration of 3.1 × 10−4 emu and 7.9 × 10−4 emu at 5 K
and 300 K, respectively (see Fig. 2(a,b)). The mea-
sured magnetic moment at saturation would correspond
to ∼ 0.6 µB/Fe (at 5 K), a value smaller than the re-
ported value in literature16. Note that the Curie temper-
ature TC > 300 K, in spite of the very low concentration
of Fe. This fact suggests that regions should exist with
a Fe concentration larger than the average 0.2 at% to
trigger magnetic order above room temperature, likely
due to double exchange. The estimated low magnetic
moment of Fe would also indicate that in addition to
the FM contribution, Fe ions can also couple antiferro-
magneticaly (AFM) by super-exchange interaction16,17,
in addition to the paramagnetic contribution. Taking
into account the value of 1 µB per Fe for double exchange
couple pairs16,17, we estimate that ∼ 30% of the Fe con-
centration is responsible for the FM signal, whereas most
of the remaining Fe ions should be AFM ordered.
After measuring the magnetic moment of the as-
prepared ZF NWs in dark, we illuminate them with light
of wavelength λ = 425 nm. Figure 2(a) shows the ob-
served increase in the magnetic moment of ≃ 15% at
saturation under light and at 5 K. At this low tempera-
ture the increase in the magnetic moment with light has
a persistent character after switching the light off. This
persistent light-driven enhancement of the ferromagnetic
moment decreases with temperature, see inset in Fig-
ure 2(a). The same set of experiments were performed at
different λ = 360nm, 545nm, 690nm, however no change
in the magnetization was detected within a relative res-
olution of 0.1%, indicating that a specific range of wave-
length is needed to obtain the PIM effect
As shown previously, ZF NWs exhibit a green emission,
see Fig. 1(b), mostly due to the existence of VO’s in the
as-prepared NWs. To check for their role in the observed
PIM, we explored the effect in the ZF NWs after anneal-
ing them in oxygen, see Fig. 1(b), removing in this way a
large part of the VO’s. After reducing the oxygen vacan-
cies content we measured the same magnetic moment as
in the as-prepared NWs, in dark but also under illumina-
tion. This result indicates that the VO’s are important
only for the PIM effect. Finally, to clarify the impor-
tance of Fe doping, similar experiments were performed
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FIG. 2. Magnetic moment vs. applied magnetic field of 6 mg
of ZF NWs at (a) 5 K and (b) 300 K in dark (black squares)
and under light (blue circles) at λ = 425 nm. (c) Magnetic
moment vs. applied magnetic field of 6 mg ZF NWs in dark
and under illumination (same symbols as in (a,b)) at λ =
425 nm after annealing in oxygen, ZF:O. (d) Magnetic mo-
ment at saturation of 6mg NWs in dark (opened squares) and
under illumination (black squares) for ZF; ZF:O2; undoped
ZnO and undoped ZnO after annealing in Ar to increase the
amount of O-vacancies, ZnO:Ar. The annealing treatments
to obtain ZF:O2 and ZnO:Ar were performed in the previ-
ously measured ZF and ZnO respectively. The inset in (a)
shows the time independence of the PIM (after turning off
the light) at 5 K and its exponential decrease in time after
increasing the temperature. The applied field was 0.1 T in
this measurement.
in non-magnetic, pure ZnO as-prepared as well as after
Ar annealing to produce VO’s. This was corroborated by
photoluminescence by the observation of the increase of
the green band, in comparison to untreated pure ZnO,
with an intensity comparable to the one observed in ZF
NWs, see inset in Fig. 1(b). Ferromagnetic order in the
ZnO NWs, independently of their VO’s concentrations,
was observed neither in dark conditions nor under illu-
mination. All these results indicate that both, Fe and
VO’s are necessary to observe the PIM effect in ZnO.
We measured the temperature dependence of the en-
hanced magnetization under constant UV illumination.
The results are shown in Fig. 3(a). We observe that the
enhancement, given by the difference between the results
with and without light, decreases linearly with temper-
ature above 50 K, see Fig. 3(b), vanishing at ≈270 K.
This behavior can be an indication of the existence of
spin waves in two dimensions (2D), as previously ob-
served in defect-induced magnetic graphite after proton
irradiation18. This apparent 2D dimensionality of the the
PIM effect in our ZF NWs agrees with the expectation
that the near surface region is the one where the PIM
effect originates.
To further clarify the mechanisms behind the mag-
netic order and the PIM origin observed in the ZF NWs,
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FIG. 3. (a) Temperature dependence of ZF magnetization
in dark condition (black points) and during illumination, (b)
Temperature dependence of the the photo induced enhance-
ment of the magnetization.
electronic paramagnetic resonance (EPR) measurements
were performed between 7 K and 503 K. In Fig. 4 EPR
measurements of a bundle of ZF NWs at X- and Q-band
frequencies are presented. At room temperature the X-
band measurements show a broad signal around g = 2.
Attributing these signals to Fe3+ ions we suggest that
Fe3+ is not magnetically diluted and magnetic dipolar
and exchange interactions between Fe-ions lead to a coa-
lescence of the fine structure pattern of Fe3+. The signal
can be simulated by two main species, A and B, see inset
in Fig. 4 (a), which are observed in a wide temperature
range. The X-band measurements show an apparent g-
value increase from 2.03 at 503 K to about 2.35 at 7K. To
study the nature of the EPR signals, Q-band measure-
ments were conducted, see Fig. 4(b). Here we observe a
slight increase of the g-factor from 2.035 at room temper-
ature to 2.06 at 15K, suggesting the presence of temper-
ature dependent internal fields which can be estimated
from the comparison of the X-band and Q-band spectra19
and are shown in the inset of Fig. 4(b). This allows us to
recalculate the real value of g = 2.00(1) at room temper-
ature in good agreement with the value for Fe3+.19 Addi-
tionally, we observe that the line width increases towards
lower temperatures, see Fig. 4(a), suggesting that the Fe
ions observed by EPR do not couple ferromagnetically20
but an antiferromagnetic coupling exists. With the pres-
ence of internal fields attributed to Fe-ions ferromagnet-
ically coupled, the overall EPR results support the inter-
pretation of the magnetization that both FM and AFM
ordered Fe-ions co-exist in the studied NWs21.
As noted above, to explain the observed magnetic or-
der at such high temperatures and with such small Fe
concentration, we need to assume the formation of a non
homogeneous distribution of Fe-ions which allows the co-
existence of FM, Fe2+-Fe3+, and AFM regions, Fe3+-
Fe3+. Moreover, the VO’s can be placed in the neighbor-
ing of an AFM couple. By light illumination the mention
VO can be ionized to form VO+ . When the VO is close
to an Fe3+, this photo-ionization can produce an electron
transfer from the VO to the nearby Fe
3+ ion transform-
ing it into Fe2+. This will produce Fe2+-Fe3+ FM couple
pairs increasing the density of double exchange couples
4FIG. 4. (a) Experimental EPR spectra at X-band frequency
of ZF NWs at temperatures from 7K to 503K. The inset
shows the two components of the room temperature signal.
(b) Q-band EPR spectra of ZF nanowires at temperatures
between 15K and room temperature. The inset shows the
calculated internal fields for species A.
that contribute to the FM order in detriment of the pairs
AFM ordered.
The found PIM effect in ZnO doped with a nominally
low concentration of Fe and our interpretation based on
the light-induced ionization of the oxygen vacancies near
Fe ions, localized mainly at the surface of the NWs,
shed light to the possibility to explore light-induced mag-
netism in semiconductors at much higher temperatures
than the ones reported previously. The effect found in our
study could be applied to other type of oxides in which
the ionization of vacancies by light is possible. The PIM
effect and the possibility to have it in nanostructures as
small or smaller than in our NWs, should substantially
support a further development of magnetic semiconduc-
tors for optospintronics application at technologically rel-
evant wavelengths.
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